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Abstract 
Large-scale implementation of geologic carbon storage (GCS) will require reliable techniques for monitoring the movement of 
the CO2 plume in the subsurface. The movement of CO2 plumes beyond the region permitted for storage will be of particular 
interest both to regulators and to operators. However, the cost of many monitoring technologies, such as time-lapse seismic, 
limits their application. Given that injection data (pressures, rates) from wells are readily available and inexpensive, we examine 
whether they can be used as a viable alternative for monitoring and predicting plume migration.  
 
In this paper, we have implemented a probabilistic history matching approach to creating models of the aquifer for predicting the 
movement of the CO2 plume. The geologic property of interest for example hydraulic conductivity is updated conditioned to 
geological information and injection pressures. The resultant aquifer model which is geologically consistent can be used to 
reliably predict the movement of the CO2 plume in the subsurface. We tailor the method to CO2 sequestration by considering 
only injection data in the matching process. We also introduce a two-step approach to stochastically simulate high-permeability 
features such as oriented sets of natural fractures that occupy only a small fraction of the storage formation. We illustrate the 
approach by applying it to data from the In Salah Gas project. The final history-matched models contain high permeability 
features consistent with the field observation of rapid arrival of injected CO2 at a suspended well and with surface deformation 
data obtained by remote sensing. We conclude that the approach can provide a probabilistic assessment of plume migration at the 
field scale.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Geological sequestration of CO2 in deep saline formations is one method to reduce the carbon footprint of human 
activities. Field scale projects for geological storage and sequestration have been undertaken in Algeria and the 
North Sea to study the feasibility of this method. The ability to monitor and predict the large-scale movement of the 
plume within the storage formation is of great interest to both operators and regulators. Current technologies for 
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monitoring, such as time-lapse seismic or surface deformation measurements using satellite, prove to be expensive 
(as in the case of time-lapse seismic) or inapplicable in many areas (for example, surface deformation measurements 
are difficult in regions with seasonal variation in ground vegetation cover). These methods also have limited 
capability for predicting the movement of the plume, which is important for initiating remedial actions mitigating 
undesired movement.  
These circumstances motivate the question: could readily available data from CO2 injection wells (pressures, 
rates) be used to infer the movement of the plume in the reservoir? In this paper, we demonstrate a method that uses 
only the rates and bottom-hole pressures of the injection wells and knowledge of reservoir geology to successfully 
predict the spatial distribution of permeability in an aquifer that governs the movement of the CO2 plume. The 
method creates an initial model of the permeability variations in the aquifer based on our knowledge of subsurface 
geology, and then iteratively perturbs this model conditioned to the bottomhole pressures of the injectors to produce 
a final model of permeability heterogeneity in the aquifer. This final model is geologically consistent while 
exhibiting the closest match to the actual pressure history of the injectors. It is presumed that the permeability 
heterogeneity is introduced by high permeability streaks (fractures) superimposed on matrix permeability and the 
method outlined below addresses the influence of both these features to create reservoir models that are consistent 
with the actual reservoir geology.  
2. Description of Field Application 
The In Salah Gas project in central Algeria offers a good opportunity to test the proposed algorithm. Injected CO2 
arrived earlier than anticipated at a suspended appraisal well near one of the injectors [1]. Detailed histories (daily 
rates and pressures) of CO2 injection were made available [2]. Because the CO2 is injected into the same formation 
as the gas reservoir (Figure 1), it is necessary to account for the effect of gas production on aquifer pressure in the 
simulation model. For this purpose, we assigned a production rate four times the total injection into the reservoir, 
giving a voidage replacement of 25% [3], and allocated the production to a hypothetical well completed in the gas 
cap. Though the hypothetical producer is necessary to ensure correct material balance, the actual position of the well 
is not critical. We investigate here whether the injection data contain information about the permeability 
heterogeneity that led to the early arrival of CO2. 
The In Salah Gas project in central Algeria has been operational since July 2004, aiming to supply nearly 9 
BCM/year to markets in southern Europe [4]. The produced gas contains close to 10% CO2. Sales gas specification 
needs this proportion of CO2 to be reduced to 0.3%. Rather than vent the CO2 stripped out of the produced gas to the 
atmosphere, the CO2 is reinjected into the saline aquifer downdip of the reservoir using three horizontal injectors 
(Figure 1). There is no commercial benefit to the project; rather, it serves as ‘experimental and demonstration 
project’ [1] for field scale geological storage of produced CO2. 
 
Figure 1. CO2 storage in Krechba [5] 
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The Krechba gas formation in the In Salah project is an anticlinal structure, with a gas cap underlain by a natural 
aquifer. The reservoir rock of interest is carboniferous sandstone at a depth of 1820 m from surface. There is a 
fracture network aligned with the current day stress field from NW to SE, which causes the reservoir to be classified 
as a ‘fracture-influenced, matrix-dominated sandstone reservoir’ [1]. The mean porosity of the reservoir is 15% with 
a mean permeability of 10 md. The reservoir is overlain by 900 m of mudstone. 
It was observed that the CO2 injected through one of the injectors (KB-502) arrived at an abandoned appraisal 
well location (KB-5, see Figure 2) in a much shorter period of time than anticipated. The abandoned well is downdip 
of the injector KB-502 and consequently away from the expected direction of migration of the injected gas. Tracer 
tests confirmed that the CO2 was coming from KB-502. This rapid migration could only be explained by high-
permeability pathways between the two wells, attributed to a sub-seismic scale fracture network. In this paper, we 
try to predict the presence of this pathway without the benefit of hindsight i.e. we place ourselves in July 2006, 
before the arrival of the plume at KB-5, and try to predict the presence of the high-permeability pathway. 
 
Figure 2. Qualitative map of porosity distribution in Krechba, showing the layout of the injectors (blue) and the producers (red) [5]. 
3. Description of Method: Probabilistic History Matching 
We cast the inference of flow field heterogeneities from injection data as a problem of data integration. The 
problem here is closely related to history matching in the oil and gas industry. The objective of history matching is 
to generate a reservoir model (the spatial distribution of permeability in the formation) that provides the best fit to 
observed field data (the rates and pressures at which injection and production wells have operated) when run 
through a flow simulator. It has been shown previously [6] that accurate prediction of future reservoir performance 
requires that the heterogeneity related data contained in the production history be integrated with prior geological 
knowledge. Two main differences arise for the general application to sequestration in aquifers. One is that 
production data do not exist because fluids are not extracted from the storage formation. Though gas is produced 
from the top of the structure in the specific application to Krechba, those data are irrelevant for the purposes of 
determining permeability heterogeneity in the underlying aquifer. Thus we will use observed injection rates as input 
for the flow simulator, and the pressures output from the simulator will be matched against observed pressures. The 
other difference is that we are mainly concerned with features with large enough permeability contrast to affect the 
regional migration of the CO2 plume, rather than the fine-scale distribution of permeability.  
Traditional history matching methods that rely on iteratively or manually modifying reservoir parameters are 
computationally expensive and may generate models that are geologically inconsistent. The objective of the 
probabilistic history-matching algorithm is to integrate diverse field data to generate models that provide the best 
match to field observations while being geologically consistent. In this paper, we use the program ProHMS [7] for 
probabilistic history matching. 
The random function describing the spatial variations of permeability in the aquifer has to be modeled 
conditioned to the available geological and injection information. This random function is characterized by the joint 
conditional probability distribution function P(A|B,C), where A is the reservoir parameter at an unsampled location, 
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B is the geological information and C is the production/injection data. The calculation of this joint conditional 
probability is simplified by using the permanence of ratio hypothesis [8].  
The permanence of ratio hypothesis states that the relative probability of the permeability event A occurring due 
to the occurrence of data event B remains unaltered due to the occurrence of the event C. This hypothesis and the 
subsequent algebraic manipulations yield the following simple formula for expressing the joint conditional 
probability in terms of the elemental probabilities P(A|B) and P(A|C): 
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Thus, the conditional probability can be calculated from the prior probability P(A) and the conditional 
probabilities P(A|B) and P(A|C). The conditional probability of the reservoir characteristic at a location given the 
geological data P(A|B) can be calculated from sequential indicator simulation. The calculation of P(A|C) proceeds 
through an iterative deformation of an initial model into a final model by optimizing a deformation parameter Dr [9] 
such that the squared error between the simulated results and field data is minimized. 
The steps involved in this process thus proceed as follows [10]: 
1. Generate an initial model using the hard data from well locations and variogram models, together with target 
histogram of the reservoir property. 
2. Perturb this model by optimizing Dr  to minimize the mismatch between actual and simulated data. 
3. The model corresponding to the optimum Dr  becomes the starting model for the next series of iterations. 
4. Continue this process until global convergence. 
4. Two Step Process for Heterogeneous Domains 
Porosity logs are available along the injection wells. These porosity values were transformed to permeability 
values by applying a transform. While image logs, drilling data, mud losses and core data indicated that fractures 
intersected the injection wells, no specific fracture data along wells were available at the time of this study. Thus the 
histogram of permeability generated using the well information does not contain high permeability values 
corresponding to streaks or fractures. This input permeability histogram is imposed on the updated models using the 
probability perturbation method. Consequently, a modification to the probability perturbation method was 
implemented, so that the final history matched model would exhibit high permeability streaks and yield fast 
breakthrough of the CO2 plume along certain directions.  
It is postulated that the injection data does carry some information about the high permeability streaks. In order to 
account for this information, a first stage history match was completed constraining the model both to the 
permeability histogram observed along the wells and the injection data from the three horizontal injectors. In the 
second stage, the match was improved by introducing streaks of high permeability that are constrained only by the 
injection data. This two-step procedure is depicted in Figure 3. For the Krechba injection data we assumed that 5% 
of the volume of the reservoir was occupied by the high-permeability (1 to 4 D) streaks. The choice of 5% is 
arbitrary subject to the restriction that fractures represent a small fraction of the domain. The essential feature is that 
the streaks are oriented in the NW-SE direction parallel to the axis of the structural fold. 
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Figure 3. Schematic of the two-step history matching process. 
In the first step, the program was constrained to only produce permeabilities up to 500 md consistent with the 
permeability transform applied on the log porosity values. This creates a matrix permeability distribution without 
explicit high-permeability features. The final model from this step then formed the starting model for the second 
step, where high-permeability features were superimposed on top of the matrix permeability. This produced a final 
map which contained a distribution of both high permeability features and matrix permeability, while also providing 
a good match to the field injection data.  
The first step required hard data at well locations as input, together with variograms for permeability. The 
variograms were created by digitizing a map of reservoir porosity, similar to the one in Figure 2. The map was 
digitized by transforming the color intensity to porosity - red having a mean value of 0.25, yellow a value of 0.15, 
and green a value of 0.05. Points were then randomly sampled out of the digitized map, and these sampled points 
were used to create variograms which describe the spatial relations for porosity values. Because a good linear 
correlation between porosity and permeability has been identified for this reservoir, the same variograms were 
considered suitable for permeability. The digitized map was also used to create the histogram of permeability, which 
is also the target histogram that ProHMS attempts to reproduce. 
We remark that the permeability model at the second stage was only constrained to reproduce a variogram 
representing elongated features in the NW-SE direction. It is however possible to condition the model at each 
iteration step to hard data, if such are available.  
5. Results 
The procedure described above was applied using the data for the three injection wells up to July 2006. The CO2 
arrived at KB-5 sometime between August 2006 and June 2007, so the choice of July 2006 is still in the period 
preceding CO2 arrival. The rates were prescribed and the permeability field adjusted to match the pressures. The 
final model generated from the two-step ProHMS run contained a streak of large permeability between KB-5 and 
KB-502 (Figure 4(a)). The existence of a streak was expected per the modeling procedure and geologic knowledge 
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described above. The importance of the probabilistic model is the location of the streak, in this case coincident with 
KB-5 despite the lack of conditioning data at any of the wells. This is consistent with faster-than-expected arrival of 
CO2 at that location. Flow simulation with this final model shows a good match to the injection pressure history of 
KB-502 (250 d < t < 700 d; note that t = 0 corresponds to the start of injection in wells KB-501 and KB-503 in 
August 2004, about 250 days before start of injection in KB-502) and also successfully predicts the subsequently 
observed (700 d < t < 1200 d) bottom-hole pressure in this well, Figure 4(b).  
(a) (b) 
Figure 4. (a) Final model from ProHMS. (b) Pressure history of KB-502.  The vertical cyan line marks the end of the data used for the history 
match.  
Given that the second step of the process, where the high permeability streaks were introduced into the model, 
was unconstrained by any hard data at well locations, it might be argued that the particular location of the streak 
between the wells could be a random fluctuation and might not be reproduced consistently in multiple runs. Hence, 
to test the validity of the two-step method, the history match process was repeated for multiple initial realizations. 
The final updated permeability models corresponding to the initial suite of realizations were averaged. The 
proximity of the high permeability feature to KB-5 was preserved in all the runs, showing up as a streak in the 
average model (Figure 5(a)). In contrast, the streaks in many other parts of the reservoir were averaged out. The 
average model in Figure 5 also shows a substantial elongated streak near well KB-501. The probable presence of 
this streak is consistent with satellite surface deformation data (Figure 5(b)). The deformation indicates pressure 
elevation in the formation extending from the injector KB-501 in a NW-SE direction. This orientation is 
perpendicular to the updip direction and indicates the strong preferential migration of the plume along the direction 
of the predicted high permeability streak. As with the streak near KB-5, the existence of a streak associated with 
KB-501 is not surprising. But the inference of its specific location from the injection data and from a general 
knowledge of the geology (existence and orientation of streaks) confirms the utility of this approach to plume 
monitoring.  
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(a) (b) 
Figure 5. High permeability streaks near KB-5 and from KB-501 consistently appear when the two-step probabilistic history match is repeated 
from different initial realizations. (a) Average model from 10 realizations. (b) Surface deformation data [11] near KB-501 is consistent 
with inferred streak. 
6. Summary and Conclusions 
A two-step probabilistic history-matching process for heterogeneous formations was implemented in ProHMS. It 
was applied with data from the In Salah Gas project to predict the presence of high permeability feature between the 
wells KB-5 and KB-502. This feature might be responsible for the faster-than-expected arrival of CO2 at KB-5. 
Only injection data prior to the arrival of CO2 were used in the history match. This form of monitoring thus could 
give early indication that the CO2 was migrating rapidly in a direction different from the expected migration path 
(updip). It potentially provides an inexpensive alternative to predict the probable movement of CO2 plume during 
geological storage and to assess risk. 
The following key points should be noted: 
1. The initial realization used for the history matching process has to be consistent with prior geologic 
knowledge whether hard (well logs) or soft (orientation of stress field) in order to generate results which are 
meaningful. In the case of the Krechba formation, the existence and orientation of fractures were necessary 
inputs. If fracture related data or statistics are not imposed on the updated models, there is no possibility of 
obtaining such features in the final updated models. 
2. A very sparse set of dynamic data, in this case only injection pressure data, can be used very effectively with 
ProHMS to constrain the final models so as to reflect the dynamic characteristics accurately. 
3. The two-step process described here takes into account the effect of the matrix and fracture permeabilities 
separately. This proved necessary to honor the available information along wells while at the same time 
impose high permeability streaks that are not observed in the well information. 
4. The original motivation for this application was to determine whether injection data held an early indication of 
the preferential flow path to KB-5 in the Krechba sequestration project. Interestingly, the process yielded an 
average model that also has a large streak near KB-501. The location of this streak subsequently was 
supported by satellite data. 
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